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3 1. I N T R O D U C T I O N  
/ 
E x i s t i n g  i n t e r i o r  n o i s e  r e d u c t i o n  t e c h n i q u e s  f o r  a i r c r a f t  f u s e l a g e s  
p e r f o r m  r e a s o n a b l y  w e l l  a t  h i g h e r  f r e q u e n c i e s ,  b u t  a r e  i n a d e q u a t e  a t  l o w  
f r e q u e n c i e s ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  l o w  b l a d e  passaye harmonics w i t h  
h i g h  f o r c i n g  l e v e l s  found i n  p r o p e l l e r  a i r c r a f t .  
w h i c h  c o n s i d e r s  a i r c r a f t  f u s e l a g e s  1 i n e d  w i t h  p a n e l s  a l t e r n a t e l y  t u n e d  t o  
f r e q u e n c i e s  above and b e l o w  t h e  f requency  t h a t  must be a t t e n u a t e d .  
p a n e l s  would o s c i l l a t e  a t  equal  a m p l i t u d e ,  t o  g i v e  equa l  a c o u s t i c  s o u r c e  
A method i s  b e i n g  s t u d i e d  
A d j a c e n t  
s t r e n g t h ,  b u t  w i t h  o p p o s i t e  phase. 
a c o u s t i c a l l y  compact,  t h e  r e s u l t i n g  c a n c e l  l a t i o n  causes t h e  i n t e r i o r  a c o u s t i c  
P r o v i d e d  t h e s e  a d j a c e n t  p a n e l s  a r e  
- 
modes t o  be c u t  o f f ,  and t h e r e f o r e  be n o n - p r o p a g a t i n g  and evanescent .  T h i s  
i n t e r i o r  n o i s e  r e d u c t i o n  method, c a l l e d  A l t e r n a t e  Resonance T u n i n g  (ART), i s  
c u r r e n t l y  b e i n g  i n v e s t i g a t e d  t h e o r e t i c a l l y  and e x p e r i m e n t a l l y .  T h i s  new 
c o n c e p t  has p o t e n t i a l  a p p l i c a t i o n  t o  r e d u c i n g  i n t e r i o r  n o i s e  due t o  t h e  
p r o p e l l e r s  i n  advanced t u r b o p r o p  a i r c r a f t  as w e l l  as f o r  e x i s t i n g  a i r c r a f t  
c o n f i g u r a t i o n s .  
The ART t e c h n i q u e  i s  a procedure i n t e n d e d  t o  reduce low f requency  n o i s e  
w i t h i n  an a i r c r a f t  f u s e l a g e .  A f u s e l a g e  w a l l  c o u l d  he c m s t r u c t e d  o f ,  o r  
l i n e d  w i t h ,  a s e r i e s  o f  s p e c i a l  pane ls  y h i c h  wou ld  a l l o w  t h e  d e s i g n e r  t o  
c o n t r o l  t h e  wavenumber spec t rum o f  t h e  w a l l  m o t i o n ,  t h u s  c o n t r o l l i n g  t h e  
i n t e r i o r  sound f i e l d .  By j u d i c i o u s  t u n i n g  o f  t h e  s t r u c t u r a l  response o f  
i n d i v i d u a l  p a n e l s ,  wave lengths  i n  t h e  f u s e l a g e  w a l l  can be reduced t o  t h e  
o r d e r  o f  t h e  p a n e l  s i z e ,  t h u s  caus ing  l o w  f r e q u e n c y  i n t e r i o r  a c o u s t i c  modes t o  
b e  c u t  o f f  p r o v i d e d  t h e s e  pane ls  a r e  s u f f i c i e n t l y  s m a l l .  By c u t t i n g  o f f  t h e  
a c o u s t i c  modes i n  t h i s  manner, a s i g n i f i c a n t  r e d u c t i o n  o f  i n t e r i o r  n o i s e  a t  
t h e  p r o p e l l e r  b l a d e  passage harmonics s h o u l d  be a c h i e v e d .  
C u r r e n t  n o i  se c o n t r o l  t r e a t m e n t s  have a1 r e a d y  demonst ra ted  t h a t  t h e  mass 
f 
6 .  
and s t i f f n e s s  of i n d i v i d u a l  f u s e l a g e  p a n e l s  can be a l t e r e d .  It seems 
reasonab le ,  t h e r e f o r e ,  t h a t  pane l  resonan t  f r e q u e n c i e s  can be m a n i p u l a t e d  t o  
a c h i e v e  t h e  ART e f f e c t .  A p p l i c a t i o n  o f  t h i s  concep t  p l i gh t  i n v o l v e  t h e  
m o d i f i c a t i o n  o f  e x i s t i n g  s t r u c t u r a l  p a n e l s  o r  d e v e l o p w n t  o f  a new d e s i g n  f o r  
f u s e l a y e  i n t e r i o r  t r i m  pane ls .  A l though  comp le te  a c o u s t i c  c u t - o f f  w i l l  n o t  be 
a c h i e v a b l e  i n  p r a c t i c e ,  an approx ima te  c a n c e l l a t i o n  s h o u l d  s t i l l  s u b s t a n t i a l l y  
r e d u c e  i n t e r i o r  n o i s e  l e v e l s  a t  t h e  p a r t i c u l a r  f r e q u e n c y  o f  i n t e r e s t .  It i s  
i m p o r t a n t  t o  n o t e  t h a t  t h e  ART method u t i l i z e s  t h e  f l e x i b i l i t y  and dynamic 
b e h a v i o r  o f  t h e  s t r u c t u r e  t o  good advantage,  a l t h o u g h  t h e s e  p r o p e r t i e s  a r e  n o t  - 
n o r m a l l y  b e n e f i c i a l  i n  n o i s e  c o n t r o l .  
T h i s  p r o g r e s s  r e p o r t  suriimarizes t h e  work c a r r i e d  o u t  a t  Duke U n i v e r s  
d u r i n g  t h e  f i r s t  6 months o f  a c o n t r a c t  s u p p o r t e d  by t h e  S t r u c t u r a l  Acous 
B ranch  a t  NASA Lang ley .  Cons ide rab le  p r o g r e s s  has been made b o t h  
t h e o r e t i c a l l y  and e x p e r i m e n t a l l y  as d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
t Y  
i cs 
It 
i s  ' rnpor tan t  t o  n o t e  t h a t  a l l  t h e  work c a r r i e d  o u t  so f a r  i n d i c a t e s  t h a t  t h e  
A R T  concep t  i s  i ndeed  capab le  o f  a c h i e v i n g  a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  
sound t r a n s m i s s i o n  t h r o u g h  f l e x i b l e  w a l l s .  
2 .  THEORETICAL ANALYSIS 
2.1 Nodel Prob lem 
The t h e o r e t i c a l  model c u r r e n t l y  b e i n g  deve loped i n v o l v e s  sound 
t r a n s m i s s i o n  t h r o u g h  a wal l  of  pane ls .  The w a l l  i s  o f  i n f i n i t e  e x t e n t  and i s  
composed o f  i d e a l i z e d  spr ing-mass-damper p a n e l s  a r r a n g e d  i n  a p e r i o d i c  
p a t t e r n .  Sound waves s t r i k e  t h e  w a l l  a t  normal i n c i d e n c e  and t h e  a c o u s t i c  
t r a n s m i s s i o n  i s  c a l c u l a t e d  i n  terms o f  t h e  dynamic p r o p e r t i e s  o f  t h e  p a n e l s .  
Beyond t h e  pane l  w a l l  t h e  a n a l y s i s  a l l o w s  f o r  t h e  p lacement  o f  a p a r a l l e l  
b a r r i e r  w a l l  o f  s p e c i f i e d  impedance t o  s i m u l a t e  r e f l e c t i o n s  w i t h i n  an 
e n c l o s u r e .  The c o n f i g u r a t i o n  b e i n g  a n a l y z e d  i s  shown i n  F i g u r e  l a .  
w a l l  i s  s u b d i v i d e d  i n t o  i d e n t i c a l  b l o c k s  o f  p a n e l s .  W i t h i n  each b l o c k  t h e  
c u r r e n t  a n a l y s i s  a l l o w s  t h e r e  t o  be f o u r  r e c t a n g u l a r  p a n e l s  o f  i d e n t i c a l  
- 
The p a n e l  
shape, b u t  each o f  t h e s e  can have d i f f e r e n t  dynamic p r o p e r t i e s .  I n  g e n e r a l ,  a 
sys tem o f  n p a n e l s  w i l l  be c a p a b l e  o f  ( n - 1 )  ART c a n c e l l a t i o n  f r e q u e n c i e s .  
F i g u r e  l b  shows a c r o s s  s e c t i o n  t h r o u g h  t h e  w a l l  w i t h  two of t h e  f o u r  d i s t i n c t  
p a n e l  s e c t i o n s  shown; a l s o  n o t e  t h e  r e f l e c t i o n  w a l l  c o n d i t i o n  w i t h  v a r i a b l e  
impedance Zb. By a d j u s t i n g  t h e  panel d i m e n s i o n s  and c h o o s i n g  d i f f e r e n t  
dynamica l  p r o p e r t i e s ,  a v a r i e t y  nf  1-D, 2-D, a i d  3-D p h y s i c a ?  c o n f i g u r a t i o n s  
can be s i m u l a t e d .  F i g u r e  2 summarizes t h e  c o n f i g u r a t i o n  p o s s i b i l i t i e s .  T h i s  
a n a l y s i s  a p p l i e s  n o t  o n l y  t o  an i n f i n i t e  w a l l  o f  p a n e l s ,  b u t  i t  i s  a l s o  
e q u i v a l e n t  t o  p l a c i n g  up t o  f o u r  d i f f e r e n t  p a n e l s  i n  a r e c t a n g u l a r  d u c t ,  as 
shown i n  F i g u r e  3. The l a t t e r  scheme i s  t h e  e x p e r i m e n t a l  c o n f i g u r a t i o n  w h i c h  
w i l l  be d e s c r i b e d  i n  S e c t i o n  3. 
2.2 A n a l y s i s  Methods 
The p a n e l  w a l l  model p r o b l e m  i s  e q u i v a l e n t  t o  a p rob lem o f  sound 
t r a n s m i s s i o n  t h r o u g h  p a n e l s  i n  a duct ,  where t h e  wave length  must be l a r g e  
compared t o  t h e  duct c r o s s - s e c t i o n a l  d i m e n s i o n s  t o  a c h i e v e  t h e  a c o u s t i c  
cut -of f  required by the A 1  t e rna t e  Resonance T u n i n g  ( A R T )  concept. Under these  
condi t ions,  the sound transmission c a n  be analyzed by a quasi one-dimensional 
treatment u t i l i z i n g  a n  acoustic b r a n c h  ana lys i s ,  or acoust ic  c i rc i r i t  ana lys i s .  
This approach provides r e l a t ive ly  simple r e s u l t s  w i t h  w h i c h  the  more e labora te  
ana lys i s ,  described below can be checked. The acoust ic  loadiny d u e  t o  cut-off 
modes ( iner tance  or apparent mass e f f e c t s )  act ing on t h e  panels i s  neglected 
i n  such an  analysis .  Essent ia l ly ,  the incident acoust ic  f i e l d  i s  s p l i t  i n t o  
separa te  branches, one f o r  each panel, and these  branches are  rejoined on the 
other  s ide  o f  the  w a l l .  A t  each branch junction pressure a n d  flow cont inui ty  
condi t ions are  applied.  
- 
Figure 4 shows the hypothetical configuration used in the branch 
ana lys i s .  From t h i s  analysis  we may solve f o r  t he  r a t i o  o f  t ransmit ted t o  
inc ident  pressure a s  
A where zo = zB + 
N 52 
m 




where zA i s  the impedance on the  l e f t  h a n d  s ide  of the  panel assembly, and z 
i s  t he  acoust ic  impedance on the right hand s ide  o f  the  duct looking 
downstream toward the termination impedance Zb. The quant i ty  Zmi i s  t h e  
mechanical impedance o f  t he  i t h  panel a n d  S i  i s  the  area of t h i s  panel. The 
r e s u l t  (1) above may be generalized for  any number of  panels. For two panels 
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The f u l l  t h r e e - d i m e n s i o n a l  a c o u s t i c  s o l u t i o n  o f  t h e  con f  i y u r a t i o n  shown 
i n  F i g u r e  l a  has a l s o  been d e r i v e d .  
wave e q u a t i o n  - 
T h i s  p rob lem s a t i s f i e s  t h e  l i n e a r i z e d  
The p r e s s u r e  f i e l d  OR t h e  : ' i ;cidei i t  ( e x t e r n a l )  s i d e  o f  t h e  pane l  a r r a y  i s  g i v e n  
b y  
*I  i ( w t - k x )  ^R i ( w t + k x )  
+ poo e Pex(X,Y,Z,t) = poo e 
I 
m 
-R i w t  BX ( 2 m - l ) ~  ( 2 n - 1 )  T + 1 1 Pmn e e s i n [  ly s i n [  ,, ]z 
m = l  n = l  
/ 3 \  
h 
\ L /  
m w 4 -  
- ( 2 n - 1 ) n  
R i w t  6 x 2m1~.  
t 1 1 pmn e e c o s ( w ) y  s i n [  l z  
m=0 n = l  
where t h e  s u p e r s c r i p t s  I , R  deno te  e x t e r i o r  i n c i d e n t  and r e f l e c t e d  waves, 
r e s p e c t i v e l y .  
and 
A ... 
The q u a n t i t i e s  Pmn and Pmn a r e  t h e  a c o u s t i c  modal a m p l i t u d e s  
-.. ( 2 m - l ) n  2 2 n n  2 2 1/2 
B = C (  w ) + ( +  - k l  
The above B are  real valued because the panel s i ze  i s  assumed s u f f i c i e n t l y  
small t o  s a t i s f y  the  cutoff conditions 
Thus the  higher modes in ( 2 )  above decay exponentially away from the  
panel array.  
f i e l d  on t he  t ransmit ted ( i n t e r n a l )  s ide  of the panel array.  
A s imi la r  general solution can be s h o w n  t o  a p p l y  t o  t he  pressure 
I n  t he  l a t t e r  
case,  however, t he  various B are negative quan t i t i e s ,  and a t ransmit ted 
pressure wave a n d  a ref lected pressure wave (from the  r e f l ec t ing  w a l l )  a re  
included. An impedance relat ion o f  the  form 
A -  
- -  -i2kL ('b - - e  0 Pt , ('b -k eoc )  
00 
( 4 )  
may be used t o  express the ref lected wave (of f  t h e . i n t e r i o r  b a r r i e r )  in terms 
o f  the  t ransmit ted wave. Note t h a t  here t a n d  r denote the  pressure wave 
t ransmi t ted  through the panel array a n d  r e f l ec t ed  from the i n t e r i o r  b a r r i e r ,  
respect ively.  
cut - o f f  . 
Higher order modes are again assumed t o  decay, due t o  acoust ic  
The panels a r e  then represented i n  terms of t h e i r  mechanical impedances 
z = R i j  + i(mijw - s ) i j / w  i j  ( 5 )  
where R i j  a r e  the d a r n p i n g  values,  mij  a r e  t h e  i n d i v i d u a l  panel masses, a n d  S i j  
a r e  the  panel spr ing constants.  Here the subscr ipts  i j  denote the panels 
shown i n  F i g u r e  l a .  Using t h e  impedance r e l a t ions ,  the panel forces  are  
calculated a s  
F .  . e io t  = Z .  .u .  . e  i ut 
1J 1 J  1 J  
where F i j  i s  t h e  net force on each panel  obtained by in tegra t ing  equation 
( 2 )  over each panel area,  a n d  Uij are the individual panel ve loc i t i e s .  
addi t ional  cont inui ty  equation of the form 
An 
coupled w i t h  t he  impedance’relation ( 5 )  completes a s e t  of f i ve  equations and  
t 
00 
- f i v e  unknowns (4 ve loc i t i e s  2nd +h-  L l lc  + - - . - - - z L L - A  L I  a i i> i i i i  L L ~ U  pressure wave P ) .  I h i s  
system of  l i n e a r  equations with complex coe f f i c i en t s  i s  appropriately 
non-dimensionalized and solved numerically using standard solut ion 
techniques.  
Figures 5-7 show representative theore t ica l  r e s u l t s  f o r  the  four panel 
model discussed above. I n  these figures the  transmission loss  i s  based on t h e  
r a t i o  of rms pressure on the incident side wall t o  rms pressure measured a t  
t h e  r e f l ec t ing  wall .  The frequency i s  nondimensionalized by e i t h e r  the  panel 
resonant frequency for  ident ica l  panel cases,  or t h e  by lowest A R T  
cance l la t ion  frequency. Figures 5a-e show a s e r i e s  o f  r e su l t s  fo r  a two panel 
system. T h i s  i s  e s sen t i a l ly  a 2-D panel configurat ion as shown in Figure 2. 
These r e su l t s  were achieved by assuming a typical  damping r a t i o  for  an 
a i r c r a f t  panel ( 5  = .05) a n d  a n  anechoic termination with zb = poc. 
shows a transmission loss  calculat ion for  ident ica l  panels ( ac tua l ly  audio 
speakers i n  t he  experimental setup;  see Section 3)  with resonance a t  
Figure 5a 
FIGURE 5A 
TRANSMISSION LOSS FOR IDENTICAL PANELS 
RESONANCE SET AT 1.0 WITH ANECHOIC TERMINATION 
TRANS LOSS (dB) 
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NONDIHENSIONALIZED FREQUENCY 
FIGURE 5B 
TRANSMISSION LOSS ACROSS ART PANELS IN THE TWO 
PANEL DUCT WITH RESONANCE SET AT 0.5 AND 1.5 
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FIGURE 5C 
TRANSMISSION LOSS DIFFERENCE BETWEEN ART PANELS 
AND IDENTICAL PANELS FOR THE TWO PANEL DUCT 
TRANS Loss (de)  HITH ANECHOIC TERMINATION 
NONDIMENSIONALIZED FREQUENCY 
FIGURE 5D 
TRANSHISSION LOSS AVERAGE FOR THE ANECHOIC 
TWO PANEL DUCT 
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FIGURE 5E 
DIFFERENCE BETKEEN ART AFID TRANSMISSION LOSS 
AVERAGE CALCULATION FOR THE ANECH3IC CASE 
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nond imens iona l  f requency  equa l  t o  1. There i s  s t i l l  a s m a l l  t r a n s m i s s i o n  l o s s  
a t  resonance due t o  systerri damping. 
l o s s  i s  mass dominated  and i n c r e a s e s  a t  6dB per  oc tave .  
t r a n s m i s s i o n  l o s s  w i t h  A R T  pane ls .  Here t h e  p a n e l s  have resonances a t  
nondi i3ensiona1 f r e q u e n c i e s  o f  .5 and 1.5. Note a p p r o x i m a t e l y  24 dB o f  
A t  h i g h e r  f r e q u e n c i e s  t h e  t r a n s m i s s i o n  
F i g u r e  5h shows 
t h e  t r a n s m i s s i o n  l o s s  a t  t h e  d e s i g n  f requency .  F i g u r e  5c p l o t s  
d i f f e r e n c e  between ART p a n e l s  and i d e n t i c a l  p a n e l s .  
F i g u r e  5d shows t h e  ave raye  t r a n s m i s s i o n  l o s s  f o r  t h e  
case u s i n g  r e s u l t s  f rom two  s i m u l a t i o n s  h a v i n g  a l l  p a n e l s  w 
f r e q u e n c i e s  a t  e i t h e r  .5  o r  1.5. These r e s u l t s  a r e  averaged 
t r a n s m i s s i o n  loss as c a l c u l a t e d  f r o m  t h e  f o r m u l a  
- 
n [ - T L i / l O )  1 
I = lologlo:n) - :olog( 1 i o  T L ~ ~ ~  i=l 
d e n t  i c a l  pane l  
t h  resonan t  
u s i n g  an average 
i b j  
where n i s  t h e  t o t a l  number of pane ls  c o n s i d e r e d  i n  t h e  model ( c u r r e n t l y  1 t o  
4 )  and t h e  s u b s c r i p t  deno tes  t h e  i t h  pane l .  
c a l c u l a t i o n s  a r e  compared t o  cases where s i m i l a r  p a n e l s  a re  u t i l i z e d ,  b u t  t h e  
a c o u s t i c  f i e l d s  f r o m  t h e s e  p a n e l s  do n o t  i n t e r a c t .  F i g u r e  Se shows t h e  
d i f f e r e n c e  hetween t h e  ART trsnsm:ss:on l o s s  ai id t h e  average t r d n s m i s s i o n  i o s s  
c a l c u l a t i o n s .  P r e s e n t i n g  t h e  r e s u l t s  i n  t h i s  manner shows t h e  t r u e  ART 
c o n t r i b u t i o n  t o  n o i s e  r e d u c t i o n .  
I n  t h i s  manner, t h e  ART 
. .  
F i g u r e  6 shows a s i m i l a r  sequence as d e s c r i b e d  above, e x c e p t  now a f o u r  
pane l  model w i t h  f o u r  n a t u r a l  f r e q u e n c i e s  o f  0.5, 1.5, 2.5, and 3.5 i s  
assumed. Aga in ,  a damping r a t i o  o f  5 = .05 was assumed. R a t i o s  o f  pane l  
masses ( a  necessa ry  e lement  i n  t h e  c a l c u l a t i o n )  were  d e r i v e d  f r o m  a s i m p l e  
case  assuming no damping and no apparen t  mass. The r e f l e c t i o n  w a l l  impedance 
i s  a g a i n  t a k e n  as POC. 
c a n c e l l a t i o n  a t  n o n - d i m e n s i o n a l i z e d  f r e q u e n c i e s  of 1.0, 2.0, and 3.0. 
T h i s  c o m b i n a t i o n  of sys tem parameters  s h o u l d  y i e l d  
TRANS LOSS 
FIGURE SA 
TRANSMISSION LOSS FOR IDENTICAL PANELS IN THE FOUR PANEL DUCT 




TRANSMISSION LOSS ACROSS ART PANELS IN THE 
FOUR PANEL DUCT WITH RESONANCES AT .5, 1.5. 





0 I I I I I 
0 i 2 3 4 5 
NONDIMENSIONALIZR) FREQUENCY 
FIGURE 6C 
TRANSMISSION LOSS DIFFERENCE BETHEEN ART PANELS 
AND IDENTICAL PANELS FOR FOUR PANEL DUCT 
TRANS L W S  ( d e )  HITH ANECHOIC TERMINATION 
. .  
. . .  





. .  
0 2 3 4 
NONDIMENSIONALIZED FREQUENCY 
FIGURE 60 
TRANSMISSION LOSS AVERAGE FOR ANECHOIC FOUR 
PANEL DUCT 






0 I 2 3 4 5 
NONOIMENSIONALIZED FREQUENCY 
FIGURE 6E 
DIFFERENCE BETWEEN ART AND TRANSMISSION LOSS 
AVERAGE CALCULATION FOR ANECHOIC CASE 
TRANS LOSS [de) 
.. 
-10 I 
0 1 2 3 4 
NONDIMENSIONALIZED FREQUENCY 
However, t h e  a c t u a l  c a n c e l l a t i o n  f r e q u e n c i e s  a r e  s l i g h t l y  d i f f e r e n t  because 
t h e  mass r a t i o s  were t a k e n  frorn a no damping, no apparen t  mass case. Work i s  
i n  p r o g r e s s  on a compu ta t i on  method t o  d e t e r m i n e  r a t i o s  of  pane l  masses f o r  
t h e  genera l  case.  However, F i g u r e  6e s t i l l  i n d i c a t e s  l o s s e s  o f  23 dB, 16 dB, 
and 8 dB a t  t h e  a c t u a l  c a n c e l l a t i o n  f r e q u e n c i e s .  
F i g u r e s  7a  and 7b a r e  t r a n s m i s s i o n  l o s s  c a l c u l a t i o n s  u s i n g  an i n t e r i o r  
w a l l  r e f l e c t i o n  c o n d i t i o n  based on a c o u s t i c  modal damping i n  a i r c r a f t  
i n t e r i o r s ,  5 = .025 t o  .05, as quoted  i n  t h e  l i t e r a t u r e .  I n  t h e  p r e s e n t  model 
p r o b l e m  t h i s  co r responds  t o  a r e f l e c t i n g  w a l l  a b s o r p t i o n  c o e f f i c i e n t  CIA i n  t h e  
range 
- 
. 3  < aA < .6 
. _  
where 
4p c r 
o b  
2 2 a. = H 
( r  ' Poc) ' 
( 7 )  
and t h e  r e f l e c t i n g  w a l l  impedance i s  
Zb = r b  -t i X b  
I f  we assume Zb i s  t o t a l l y  r e s i s t i v e ,  i . e . ,  Xb = 0, we may s o l v e  f o r  an 
a p p r o x i m a t e  range o f  ' 5  f r o m  e q u a t j o n  ( 7 )  a b ~ v e  3s  
4.4 < Zb,< 11.2 (8 )  
F i g u r e s  7a and 7b r e p r e s e n t  a f o u r  panel  model w i t h  r e f l e c t i n g  w a l l  impedances 
a t  t h e  upper  and l o w e r  bounds o f  e q u a t i o n  ( 8 )  above. The model p r e d i c t s  
a t t e n u a t i o n  of between 15 dB and 22 dB a t  t h e  c a n c e l l a t i o n  f r e q u e n c i e s  i n  
t h e s e  cases.  
F o r  e f f e c t i v e  use o f  t h e  ART techn ique ,  panel  o s c i l l a t i o n s  must be o u t  o f  
phase w i t h  equa l  a m p l i t u d e s .  F i g u r e  8 shows a t r a n s m i s s i o n  loss where t h e  
damping r a t i o  i s  5 = .01. T h i s  p l o t  i s  t h e  e q u i v a l e n t  o f  F i g u r e  6b w i t h  l e s s  
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, 
by r e d u c i n g  t h e  damping) ,  more a t t e n u a t i o n  can  be ach ieved .  F i g u r e  8 shows 
t r a n s m i s s i o n  l o s s e s  between 30 dti a n d  45 dB f o r  t h i s  case. I n  t h e  n e x t  s i x  
months,  more a n d l y s i s  w i l l  be done  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  sys tem 
pa ramete rs  t o  a c h i e v e  a b e t t e r  o u t  o f  phase c o n d i t i o n  a t  equal  a m p l i t u d e s .  
One way t o  a c h i e v e  t h e  ou t -o f -phase c o n d i t i o n  may be t o  use  a d o u b l e  pane l  
model ,  as shown i n  F i g u r e  9. E s s e n t i a l l y  each pane l  i n  t h e  f o u r  pane l  model 
w o u l d  be rep1 aced by a d o u b l e  spring-mass-damper system. The g e n e r a l  a n a l y s i s  
f o r  t h i s  case i s  comple te ,  b u t  a method o f  d e t e r m i n i n g  t h e  p r o p e r  mass 
r e l a t i o n s h i p s  among t h e  p a n e l s  t o  ach ieve  t h e  ART e f f e c t  i s  y e t  t o  be 
deve loped.  A n a l y s i s  of t h e  genera l  f o u r  pane l  model on a f l e x i b l e  f rame i s  
a n o t h e r  case under  c o n s i d e r a t i o n ,  and a n a l y t i c  work has j u s t  begun on t h a t  
t o p i c .  Longer  t e r m  a n a l y s i s  goa ls  i n c l u d e  b e g i n n i n g  work on m o d e l i n g  t h e  
a 4 l l L l a f t  C P  " f t i s e l a g e  as a 3-9 a c o u s t i c  e n c l o s u r e  and a n a l y s i s  o f  t h e  e f f e c t  o f  a 
g e n e r a l i z e d  e x t e r n a l  p r e s s u r e  f i e l d .  I n  p a r t i c u l a r ,  t h e  l a t t e r  a r e a  w i l l  dea l  
w i t h  t h e  h i g h  t r a c e  speed o f  p r o p a g a t i n g  d i s t u r b a n c e s  caused by p r o p e l l e r  
r o t  a t  i on. 
- .  
. .  
. .  
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FIGURE 8 
FOUR PANEL MODEL WITH REDUCED DAMPING TO ACHIEVE 
MORE NEARLY OUT OF PHASE CONDITION 







SECTION 3. EXPEKIMEIL'TAL PROGRAM - 
A s e r i e s  o f  benchtop  e x p e r i i w n t s  have c o n f i r m e d  t h e  p o t e n t i a l  o f  
A l t e r n a t e  Resonance Tun ing .  A t y p i c a l  s e t u p  i s  shown i n  F i g u r e  10. The ART 
p a n e l s  a r e  p a s s i v e l y  d r i v e n  n n d i f i e d  a u d i o  speakers  o f  4 "  d i a m e t e r .  A 
f requency  g e n e r a t o r  d r i v e s  a speaker sys tem w i t h  a pu re  tone .  A sound l e v e l  
measurement i s  f i r s t  t a k e n  a t  p o i n t  (1)  ( e q u i v a l e n t  t o  t h e  a i r c r a f t  e x t e r i o r ) .  
A second sound l e v e l  measurement i s  t a k e n  a t  p o i n t  ( 2 )  w i t h i n  t h e  d u c t  ( t h e  
a i r c r a f t  i n t e r i o r ) .  
a t r a n s m i s s i o n  l o s s  o r  g a i n .  The r e f l e c t i o n  c o n d i t i o n  a t  t h e  o t h e r  end o f  
t h e  d u c t  can  be v a r i e d  f r o m  a p p r o x i m a t e l y  anecho ic  t o  a h a r d  w a l l  
c o n d i t i o n .  Three d u c t s  have been c o n s t r u c t e d  w i t h  ART panel  a r r a y s  as shown 
The two  sound p r e s s u r e  l e v e l s  a r e  d i f f e r e n c e d  t o  p r o v i d e  
- 
i n  F i g u r e  11. The d u c t  d imens ions  as shown i n  T a b l e  1 summarize t h e  l e t t e r e d  
d imens ions  shown i n  F i g u r e s  10 and 11. 
I n  o r d e r  t o  t u n e  t h e  resonances o f  t h e  p a s s i v e  a u d i o  speakers wh ich  s e r v e  
as  ART pane ls ,  some t i m e  was spent  m o d i f y i n g  t h e  speakers  t o  a c h i e v e  t h e  
d e s i  r e d  r e s o n a n t  f r e q u e n c i e s .  Resonant f r e q u e n c i e s  were l owered  by  a d d i t i o n  
o f  mass t o  t h e  speaker  cones. On t h e  o t h e r  hand, resonan t  f r e q u e n c i e s  were 
r a i s e d  by s t i f f e n i n g  t h e  speaker  suspension5 w i t h  epoxy. Methcds were 
d e v e l  oped t o  d e t e r m i  ne t h e  speaker  masses, dampi ng r a t i  0 ,  mechan ica l  
r e s i s t a n c e s ,  and s p r i n g  c o n s t a n t s .  The v o i c e  c o i l  EMF genera ted  b y  t h e  
speakers  p r o v i d e s  a m o n i t o r i n g  s i g n a l  f o r  a n a l y s i s  purposes.  
Some t y p i c a l  e x p e r i m e n t a l  r e s u l t s  a r e  shown i n  F i g u r e s  12-15. F i g u r e  12 
shows t h e  o u t  o f  phase b e h a v i o r  o f  two ART speakers  w i t h  resonances o f  100 and 
300 Hz. Note  t h e  r e l a t i v e l y  f l a t  r e g i o n  o f  n e a r l y  o u t  of phase b e h a v i o r  
be tween 120 and 250 Hz. F i g u r e  13a shows t r a n s m i s s i o n  l o s s  ac ross  two  
i d e n t i c a l  speakers  i n  t h e  t w o  pane l  d u c t  w i t h  an a n e c h o i c  t e r m i n a t i o n .  No 
t r a n s m i s s i o n  l o s s  occu rs  a t  200 Hz, t h e  resonan t  f r e q u e n c y  o f  t h e s e  
speakers .  
, . 
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PHASE DIFFERENCE BETWEEN ART SPEAKERS 
RESONANT FREQUENCIES AT 100 AND 300 h z  
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FIGURE 138 
TRANSMISSION LOSS ACROSS ART SPEAKERS 
I RESONANT FREQUENCIES ARE 100 AND 300 HERTZ 
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F i y u r e  13b shows t r a n s n i s s i o n  l o s s  a c r a s s  t h e  ART speakers  w i t h  
resonances  a t  100 H z  and 300 Hz. F i y u r e  13c  p l o t s  t h e  d i f f e r e n c e  between t h e  
ART speakers  and t t i e  i d e n t i c a l  speakers.  T h i s  r e s u l t  s h o ~ s  t h a t  t h e  ART 
p a n e l s  a r e  capab le  o f  a t t e n u a t i n g  sound p o r e  e f f e c t i v e l y  t h a n  t h e  i d e n t i c a l  
pane l  s .  
F i g u r e s  13c, 13d and 13e show d i f f e r e n c e  between ART d a t a  and i d e n t i c a l  
speakers  w i t h  d i f f e r e n t  ART bandwidths.  These f i g u r e s  show t h a t  a w i d e r  
b a n d w i d t h  between resonan t  f r e q u e n c i e s  r e s u l t s  i n  i n c r e a s e d  t r a n s m i s s i o n  l o s s .  
As  w i t h  t h e  t h e o r e t i c a l  d a t a  p resen ted  i n  S e c t i o n  2, an average t r a n s m i s s i o n  
l o s s  i s  c a l c u l a t e d  u s i n g  e q u a t i o n  ( 6 )  f o r  t h e  cases w i t h  resonances a t  100/300 
- 
h e r t z ,  200/300 Hz and 100/560 Hz. The d i f f e r e n c e  between t h e  ART d a t a  and t h e  
ave rage  t r a n s m i s s i o n  l o s s  i s  shown i n  F i g u r e s  1 3 f ,  139, and 13h. By 
i n c r e a s i n g  t h e  bandw id th ,  t h e  maximum d i f f e r e n c e  between t h e  ART d a t a  and 
ave rage  t r a n s m i s s i o n  l o s s  d a t a  i s  i n c r e a s e d  t o  abou t  19 dB. Some 
e x p e r i m e n t a t i o n  has a1 so been done w i t h  a d o u b l e  spr ing-mass-damper sys tem 
( d o u b l e  SMD, F i g u r e  9 )  r e s o n a t i n g  bes ide  a s i n g l e  speaker  i n  t h e  two speaker  
d u c t .  F i g u r e  1 3 i  i n d i c a t e s  a t r a n s m i s s i o n  l o s s  of about  35 dB. T h i s  case i s  
s t i l l  b e i n g  i n v e s t i g a t e d .  
F i g u r e  14a shows f o u r  speakers  w i t h  resonances  a t  a p p r o x i m a t e l y  100, 
200, 300, and 400 Hz i n  t h e  f o u r  speaker d u c t .  The t h r e e  c a n c e l l a t i o n  
f r e q u e n c i e s  a r e  v e r y  n o t i c e a b l e .  F i g u r e  14b shows t r a n s m i s s i o n  l o s s  a c r o s s  
f o u r  i d e n t i c a l  speakers  w i t h  resonances a t  200 Hz. F i g u r e  14c shows t h e  
d i f f e r e n c e  between t h e  ART and i d e n t i c a l  speakers ,  and a g a i n  t h r e e  d i s t i n c t  
c a n c e l l a t i o n  peaks a r e  i n d i c a t e d .  I t  s h o u l d  be ment ioned t h a t  t h e  speaker  
p a r a m e t e r s  a r e  n o t  o p t i m i z e d  a t  t h i s  p o i n t ,  and more a t t e n u a t i o n  c o u l d  be 
a c h i e v e d  if t h e s e  pa ramete rs  were p r e c i  s e l y  s e t .  
F i g u r e  14d shows 'a t r a n s m i s s i o n  l o s s  p l o t  i n  t h e  f o u r  pane l  d u c t  w i t h  a 
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DIFFERENCE BETHEEN ART AND IDENTICAL SPEAKER CASE 
WITH SPEAKER RESONANCES AT 200 AND 300 HERTZ AND 
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FIGURE 131 
TRANSMISSION LOSS ACROSS ART SPEAKERS 
DOUBLE SMD SYSTEM WITH RESONANCES OF 68 h z  AND 
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B r e f l e c t i n g  w a l l  a b s o r p t i o n  c o e f f i c i e n t  Q = . 3 5  j c o r r e s p o p i i n g  t o  a n  a c o u s t i c  
modal damping c = = . 0 3 ) .  Three  c a n c e l l a t i o n  peaks a r e  sqown w i t h  a maximum 
a t t e n u a t i o n  o f  13 d H .  
work w e l l  i n  t h e  presence o f  w a l l  r e f l e c t i o n s .  
T h i s  r e s u l t  demonst ra tes  t h a t  t h e  :FIT p r i n c i p l e  can 
I n  t h e  months t o  come, more work w i l l  p roceed w i t h  genera l  ART two and 
f o u r  speaker  t r a n s m i s s i o n  loss  exper imen ts .  A f l e x i b l e  f rame model i s  b e i n g  
d e v e l o p e d  t o  d e t e r m i n e  i f  a v i b r a t i n g  f u s e l a g e  frame can p l a y  a f a v o r a b l e  r o l e  
i n  ART t r a n s m i s s i o n  l o s s .  We a r e  a l s o  p r e c e d i n g  w i t h  near  f i e l d  f a l l - o f f  
measurements i n s i d e  t h e  d u c t  t o  f u r t h e r  q u a n t i f y  A R T  e f f e c t i v e n e s s  n e a r  t h e  
p a n e l  w a l l  . - 
